Statistical modeling of the dip-spin coating process to describe colloidal PTFE dispersion coating on the external surface of a small diameter hollow tube was developed by using 2 4 factorial design with a center point to predict the coating thickness in a range of 4-10 m. The coating parameters included viscosity, withdrawal rate, spin speed, and immersion time. The adequacy of the predicted model was verified by coefficients of determination and lack-of-fit test. Model accuracy was verified by comparing predicted values with experimental results. The significant interaction effects on the coating thickness were three-way interaction among withdrawal rate, spin speed, and immersion time and two-way interactions between viscosity and withdrawal rate, viscosity and spin speed, and viscosity and immersion time. Cube plot for coating thickness reveals a trend of increasing coating thickness towards high levels of viscosity, withdrawal rate, and immersion time and lower level of spin speed.
Introduction
Fluoropolymer dispersion coating is commonly used for nonstick coating applications that require friction-reducing property and electrical insulation, adhere to biosafety standards, and display chemical resistance and wear resistance [1] . This process is utilized in industry-level production by spraying, dip coating, dip-spin coating, and curtain coating processes [2] . Contrary to statistical models of wide-ranging applications, these processes have very limited appropriate statistical models to predict coating process parameters and their property relationships. To overcome extensive experimental setup and uncontrollable parameters that might affect the coating of fluoropolymer dispersion, programmable dipspin coating equipment was newly constructed for improved process control. Polytetrafluoroethylene (PTFE) dispersion is an example of fluoropolymer dispersion used in this study. Due to its colloid nature in volatile components, the dip-spin coating equipment will disperse insoluble polymer particles in a continuous medium and have features of dip coating, spinning, heating, and blowing pressurized air.
In this study, the exterior coating on a stainless steel short hollow tube with very small diameter is of great interest for its highly curved surface, which is used to determine whether the nonstick PTFE dispersion could be coated by this dipspin coating equipment. Good coating properties of the films such as film thickness and uniformity are examined to reflect the processability of this equipment. The basic principle of dip coating is to deposit thin films of polymer solution on a substrate by immersing the substrate in a polymer solution for some time and then withdrawing the substrate from the polymer solution bath [3] . Many of the previous studies of dip coating processes [4] [5] [6] [7] [8] [9] [10] were designed to determine the effect of coating process parameters on the layer thickness. The layer thickness depends on, for example, withdrawal rate, number of dip cycles, and physical properties of the fluid. The mathematical models represent the fluid dynamics of a dip coating process for materials with a Newtonian fluid and non-Newtonian fluid behavior. An early theoretical model for dip coating analysis presented by Landau and Levich [11] and Derjaguin [12] (LLD) was based on a Newtonian fluid flow without considering solvent evaporation. The relationship between film thickness (ℎ) and withdrawal rate (V) was estimated by the power law of the form ℎ ∝ V , where the value of was the power law index obtained from the experiment. Furthermore, addition of centrifugal force from spinning right after withdrawing the substrate from the polymer solution bath helps to remove excess polymer from the outer surface and improve coating uniformity.
As several independent variables affect polymer coating, the aim of this study was, therefore, to determine the main and interaction effects of the coating parameters on PTFE thickness by using the programmable dip-spin coating equipment. The factorial design was used to design the experiments and analyze the results. A design of experiment methodology can reduce the number of experiments by studying multiple factors. The relationship reflecting PTFE coating thickness was investigated by using a 2 4 factorial design with a center point. The factorial design was to examine the main and interaction effects of the coating parameters and to establish an empirical model to predict the coating thickness. The interaction effect is defined as the dependence of the effect of one independent parameter on the level of the other parameter [13] . The coating parameters consisted of viscosity, withdrawal rate, spin speed, and immersion time in the polymer solution. The thickness targets were set in a range of 4-10 m.
Experimental

Materials and Methods
The Dip-Spin Coating Equipment.
The newly designed dip-spin coating equipment is a tabletop type with dimensions of about 0.6 × 1 m 2 and is 1 m tall and consists of the following key components: a substrate holder unit, a polymer dispersion mixer, an oven, a motor driven positioning system, and a control system. In this study, this equipment was used to coat PTFE dispersion on the exterior of a stainless steel short hollow tube, but not on the interior of the tube. To remove the polymer solution out of the bore, an air pressure line installed inside the substrate holder could flow pressurized air through the tube up to 1000 kPa. In order to easily program and control all movement directions and speeds of DC servo motors, all coating process sequences were programmed by using a programmable logic controller (PLC) at the control panel. The program settings included holder movement directions and speeds, pressure of air flowing through the holder, stirring speed at the polymer solution bath, and oven temperature and heating time. The holder could move upwards and downwards at constant speeds up to 25 mm/s and spin either clockwise or counterclockwise at speeds up to 720 rpm. The holder can move left and right between the polymer solution tank and the oven at speeds up to 40 mm/s. The stirring speeds at the polymer solution bath could be set in a range of 0-300 rpm. The oven could be programmed in four individual segments, each with temperatures up to 800 ∘ C and time intervals up to 99 hours and 59 minutes.
A schematic diagram and an actual prototype of the dipspin equipment are shown in Figure 1 . For one complete cycle of the dip-spin coating process, a short hollow tube substrate was immersed into the polymer solution bath. After some required immersion time in the bath, the substrate was withdrawn at the same rate as its immersion. Right after withdrawing from the polymer tank, the substrate was spun for 5 s each in clockwise and counterclockwise directions to remove excess polymer on the outer surface. In the meantime, pressurized air applied at 400 kPa flew through the bore to remove excess polymer remaining inside the tube. The substrate was then carried within a few seconds to the oven where film formation on the outer surface took place. The curing temperature and time were set accordingly to the recommended polymer coating factsheet at 400 ∘ C for 3 min. Preliminary experiments revealed that, for curing temperatures lower than 400 ∘ C, coating cannot form a film on the substrate. For curing temperatures higher than 400 ∘ C, coating has poor quality (i.e., color changes to dark brown and starts degrading). As far as curing time is concerned, films do not form for shorter curing times while longer times have the same effect of higher curing temperatures. Evaporation of solvents could bring polymer particles closer together and interdiffusion of polymer molecules across the substrate could form a film. The coating environment was controlled at about 25 ∘ C and 60% relative humidity. The process parameters for this investigation were selected as shown in Table 1 .
Materials
(1) Coating Material. The coating material used in this study was premixed polymer solution of PTFE dispersion. The polymer solution included colloidal PTFE particles, polyethersulfone (PES), titanium dioxide pigment, and solvents, which were mainly methyl isobutyl ketone (MIBK) and N-methyl-2-pyrrolidone (NMP) [2] . When the polymer solution was stored, polymer particles slowly settled at the bottom of the container. To restore dispersion uniformity and viscosity prior to coating application of each run as shown in Table 2 , the container of the polymer solution was placed on a roller mixer to scatter the sediment and redistribute the polymer particles in a continuous medium. The roller mixer was a separate unit, not shown in Figure 1 (a). MIBK and NMP solution mixture was used to adjust viscosities. Polymer agglomerates and other contaminants were strained using wire sieves. Before the polymer solution was loaded to the polymer solution bath located on top of the polymer dispersion mixer, the polymer solution was tested for its viscosity. The viscosity test was conducted following the ASTM D2196-10 standard [14] by using a rotational Brookfield LV viscometer with spindle No. 2 at 20 rpm and 25 ∘ C. The viscosities for the investigation were assessed as in Table 1 .
(2) Substrates. The substrates used in this study were commercially available 316 stainless steel short hollow tubes with length and diameter of 4 mm and 450 m, respectively. Substrate preparation was to remove surface contaminants by using a standard cleansing solution and air drying [15] . 
Inspection of Coating Thickness.
Optical microscopy was used to inspect the coating and measure the coating thickness. Sample preparation included cold mounting using low shrinkage and low viscosity epoxy resin, cross-sectioning at 15 mm from the end of the hollow tube, and grinding and polishing to fine finish prior to examination.
Experimental Design. A 2
4 factorial design with a center point was used to evaluate the effects of polymer viscosity ( ), withdrawal rate ( ), spin speed ( ), and immersion time ( ) on the coating thickness. The uncoded and coded levels of all coating parameters are shown in Table 1 .
The coded levels of each parameter are calculated by the following expression:
where high is the uncoded value at the upper level of the parameter, center is the uncoded level at the center point of the parameter, and Coded is the coded value of the parameter of specific value of [13] . The investigated coded values at the lower level, the center point, and the higher level were, respectively, designated as −1, 0, and +1. The design matrix of coating parameters and the corresponding output are shown in Table 2 . Parameters were selected so as to produce coatings with thickness in the 4-10-micron range. Each run was carried out with three replicates at factorial points but five replicates at the center point. The results of the experiment were statistically analyzed using Minitab5 16 software. The statistical model can be used to predict the response parameter, , for each coating parameter condition can be described by the following equation: 
where is the coating thickness, are the values of parameters, 0 is a constant, is the coefficients of each parameter, , , and ( = 1, 2, 3, 4) are the coefficients of two-way interactions, three-way interactions, and four-way interactions, respectively, and is a random error term [13] . This model can be effectively used to predict the coating thickness within the ranges of parameters.
Results and Discussion
Analysis of Coating Characteristics.
The surface of the small hollow tube was successfully coated by using this dipspin coating equipment. The surface of coating, shown in Figure 2 , is smooth and does not have polymer blob, mud cracks, stress cracks, wrinkling, or cratering. Compressed air flowing through the tube successfully removed the PTFE polymer inside the bore and left no residual at the distal end of the tube (Figure 2(a) ). As a result, the overall surface quality of the coatings on the short hollow tube substrates was satisfactory. Micrographs of the cross sections, Figures  3-5 , reveal good adhesive coating of the colloidal PTFE films on substrates of the small hollow tubes. Some phase contrast areas of PES and pigment are also visible in the films along with some dark contrast appearance of epoxy mount interface.
In the dip coating process, the layer of polymer solution on the surface took place after immersing and withdrawing the substrate from the polymer solution tank. At longer immersion times, more polymer particles adsorbing onto the substrate surface had an opportunity to orient on the substrate and reach equilibrium between entraining and receding particles in the tank [16] . Thickness of the polymer film on the substrate depended on the viscous drag holding polymer solution on the substrate during drawing the substrate at a given velocity upwards from the tank against the gravity draining of the solution and, in addition, evaporation of the solvent [16] . Controlled withdrawal rate is crucial to polymer layer thickness forming as a result of force balancing between the viscous drag, the gravity force, and surface tension. The viscous drag is the force moving the liquid upwards with the substrate and is proportional to polymer viscosity and withdrawal rate. Gravity acts to drive the polymer solution downwards. Surface curvature induced by surface tension produces driving force in the same direction as gravity. At given conditions of polymer solution viscosity and spinning speed, the average coating thickness of polymer films increases with withdrawal rates and immersion Evaporation of the solvent was negligible since the substrate was spun immediately right after drawing the substrate out of the polymer solution bath. Spinning of the substrate eliminated polymer solution excess and blobs. In addition, spinning thinned the polymer solution coating on the substrate surface down further due to the radial outflow driven by the centrifugal force [17] . As a result of coating the substrates with a polymer solution having viscosity of 1100 mPa⋅s, immersion time of 20 s, and withdrawal rate of 20 mm/s, the average coating thicknesses of the polymer films decreased, for example, from about 7.21 m to about 6.40 m, Figures 4(a) and 4(b) , at higher spin speeds of 100 rpm and 500 rpm, respectively. Result trends are consistent with what is reported by Emslie et al. [18] on thicknesses of coating the Newtonian fluids.
When the solid volume of polymer particles in a continuous medium increases, viscosity of the polymer solution increases. High solid volume of polymer particles leads to high coating thickness [16] . At given conditions of withdrawal rate of 20 mm/s, spin speed of 500 rpm, and immersion time of 10 s, for example, the average coating thicknesses of the polymer films increased from about 4.63 m to about 5.87 m with increasing viscosities from 900 mPa⋅s to 1100 mPa⋅s (Figures 5(a) and 5(b) ).
Following the coating conditions, all measurement results and their average thicknesses are tabulated in Table 2 . Table 3 summarizes the results of the statistical analysis performed on experimental data. In particular, the table shows estimated effect, regression model coefficients, and corresponding values for each processing parameter and parameter combination. The value represents the significance level, probability to reject the null hypothesis, 0 , although it is true. A value smaller than 0.05 indicates that the model is significant with significance level of less than 0.05.
Statistical Analysis.
From Table 3 , three-way interaction effects of withdrawal rate, spin speed, and immersion time (
) and two-way interaction effects of viscosity and withdrawal rate ( ), viscosity and spin speed ( ), and viscosity and immersion time ( ) on the coating thickness are significant at a significance level of less than 0.05. In addition, all main effects are significant with significance level of less than 0.001. However, the effect of the center point is not significant with significance level of 0.05. This implies that the curvature is not expected. The rest of the interaction effect terms are also not significant with significance level of 0.05. Values of the coefficient of determination ( 2 ), the adjusted coefficient of determination (Adj.
2 ), and the value of lack of fit (LOF) are used to evaluate the goodness of fit and adequacy of the model [13] .
2 value of 97.76% indicates a very good fit, meaning that 97.76% of variation in coating thickness can be explained by the fitted model. The Adj.
2 value indicates how 2 value overestimates variation in the coating thickness when another predicted term is added in the model. The closer the Adj.
2 value to the 2 value, the higher the goodness of fit, meaning that an additional term in the model is significant and should be included. The value of lack of fit of 0.65 indicates that lack of fit is not significant, relative to the pure error with significance level of 0.05. Thus, the model is adequate.
The empirical model in terms of coded parameters after excluding the insignificant terms for coating thickness is 
The coefficient is exactly the quantitative measure of effect. The higher the coefficient, the stronger the effect of the parameter. The coefficient sign gives the direction of parameter effect. In (3), the positive sign of coefficients for main effects of viscosity ( ), withdrawal rate ( ), and immersion time ( ) indicates that an increase of each parameter in these terms leads to increased coating thickness. The negative sign of coefficients for spin speed ( ) term indicates that higher spin speeds lead to reduced coating thickness.
Two-way interaction effects between viscosity and immersion time ( ) with a positive sign mean that a simultaneous increase or decrease of these two parameters leads to obtaining a thicker coating. This indicates synergistic effects of viscosity and immersion time on the coating thickness while the negative sign of two-way interaction effects between viscosity and spin speed ( ) denotes an antagonistic effect.
Three-way interaction effects between withdrawal rate, spin speed, and immersion time ( ) with a positive sign also indicated a synergistic effect of these parameters on the coating thickness. 
Using these equations, (3) can be adjusted for the uncoded level of each factor and expressed as .
(5) Figure 6 shows the comparison between predicted values from (5) and the experimental values. The predicted model fits well with the experimental results and the error is about 0.12%. However, it should be noted that the model could be applied only under the stated experimental boundary. Figure 7 shows three-way interaction effect of withdrawal rates, spin speed, and immersion time ( ). Individually shown in Figures 7(a) and 7(b) , two-way interaction effect plots of spin speed and immersion time ( ) at withdrawal rates ( ) of 20 mm/s and 25 mm/s, respectively, reveal nonparalleled, codirectional behaviors within the two parameters of spin speed and immersion time ( ). Moreover, the twoway interaction effect plots of spin speed and immersion time ( ) differ across levels of withdrawal rates ( ) demonstrating three-way interaction effect of withdrawal rates, spin speed, and immersion time ( ). Unlike viscosity and spin speed ( ), and viscosity and immersion time ( ) that are not significantly affected across levels of the remaining parameters. Cube plot, Figure 9 , displays average coating thicknesses of all conditions. The cube plot depicts the trend of increased coating thickness towards high viscosity, high withdrawal rate, long immersion time, and low spin speed. If the target of the coating thickness is set at about 5 m, for example, the parameters should be set around the coating conditions following viscosity of 900 mPa⋅s, withdrawal rate of 25 mm/s, spin speed of 500 rpm, and immersion time of 10 s. Substituting these coating parameters in the statistical model, the calculated value is 5.06 m. The value is approximately the same as the experimental coating thickness of 5.08 m.
In order to assess the reliability of the value predicted by the empirical statistical model, an actual experiment was carried out based on the coating condition: viscosity of 1100 mPa⋅s, withdrawal rate of 20 mm/s, spin speed of 100 rpm, and immersion time of 10 s. Using (5), the predicted thickness is 6.12 m. The experimental thickness is 6.24 m. The result shows that the modeling approach presented in this study can accurately predict the coating thickness.
Conclusion
This study analyzed the effects of the coating parameters, namely, viscosity, withdrawal rate, spin speed, and immersion time, on the coating thickness by using a 2 4 factorial design with a center point. The external surface of the hollow tube with the outer diameter of 450 m was successfully coated with colloidal PTFE dispersion by using the dip-spin coating equipment. The tube end was clear of polymer blobs and the size of the original inner tube diameter, 260 m, was still maintained. The statistical model is expressed with only significant terms using significance level of less than 0.05. The significant interaction effects on the coating thickness included three-way interactions of withdrawal rate, spin speed, and immersion time and two-way interactions of viscosity and withdrawal rate, viscosity and spin speed, and viscosity and immersion time. The statistical model accuracy is verified by comparing the predicted values with the experimental results. The predicted values are fitted with the experimental results. Cube plot analysis indicates higher coating thickness with increased viscosity, higher withdrawal rate, increased immersion time, and decreased spin speed. Verification experiment shows that the statistical model developed can be used for PTFE coating thickness.
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